1. Introduction {#sec1}
===============

Development of drug resistance in tumor cells is a major challenge in clinical treatment of cancer \[[@bib1]\]. This is particularly true in case of tyrosine kinases inhibitors used in targeted therapy, where mutations of the target genes and altered expression of the molecules involved in the relevant pathways often occur after a period of drug treatment \[[@bib2],[@bib3]\]. The development of second- and third-generations of tyrosine kinase inhibitors is an effective ways to meet the challenge of drug resistance due to target mutations, while proper drug combination is a logical way to overcome drug resistance due to alterations of pathways that functionally compensate or alleviate the inhibition of the primary target. However, the success of the later strategy largely depends on the elucidation of the compensatory pathways for the non-mutational drug resistant mechanisms, which seems to account for a large portion of the drug resistant cases observed in clinic \[[@bib4], [@bib5], [@bib6]\]. The mechanisms of non-mutational drug resistance to tyrosine kinase inhibitors are complex, and likely vary depending on the nature of the drugs and the pathways impacted. Although it is generally assumed that an up-regulation of pathways that compensate the inhibited targets and/or elevated expression of cell survival molecules are possible mechanisms \[[@bib2],[@bib5],[@bib7],[@bib8]\], the detail molecular basis for non-mutational drug resistance for many tyrosine kinase inhibitors remain unclear. This situation hinders the development of effective drug combination strategies to overcome drug resistance in targeted therapy.

Sorafenib is multi-kinase inhibitor currently used in the clinical treatment of advanced liver cancer, advanced kidney cancer, and acute myelocytic leukemia (AML) with FLT3-IDT mutations \[[@bib9], [@bib10], [@bib11]\]. Although this targeted agent provides a new therapeutic option for treatment of cancers in advanced stage, the clinical outcomes are far from satisfactory and drug resistance often occurs \[[@bib12],[@bib13]\]. Although certain molecules/pathways such as PI3K/Akt and microRNA-122 have been implicated to be involved in the sorafenib resistance \[[@bib14],[@bib15]\], the exact underlying mechanisms responsible for sorafenib resistance largely remain unclear. Our previous study showed that alterations of metabolism, especially changes in mitochondrial functions, contributed to resistance to multiple chemotherapeutic drugs \[[@bib16],[@bib17]\]. Since altered metabolism is a major feature of cancer cells associated with increased cell survival and drug resistance \[[@bib18]\], we postulated that metabolic alterations might play a significant role in the development of resistance to tyrosine kinase inhibitors, many of which directly or indirectly affect metabolic pathways.

In this study, we developed a set of PCR microarrays containing primers for 168 genes involving various metabolic pathways and mitochondrial molecules as a tool to identify potential metabolic genes that might affect cell survival and drug sensitivity. Using two pairs of cancer cells with different sensitivity to sorafinib, we unexpectedly identified a redox metabolic enzyme mtTXNRD3, a mitochondrial isoform of thioredoxin reductase 3, as a key molecule that promotes sorafinib resistance through stabilization of the mitochondrial-associated pro-survival molecules. The possibility of use mtTXNRD3 as a new therapeutic target to overcome drug resistance was also tested in vitro and in vivo.

2. Materials and methods {#sec2}
========================

2.1. Reagents and antibodies {#sec2.1}
----------------------------

Sorafenib (Selleck Chemicals, Houston, TX, USA), auranofin ([MCE](http://www.so.com/link?url=http%3A%2F%2Fwww.enzolifesciences.com%2F&q=Enzo+Life+Sciences+International%2C+Inc&ts=1491965664&t=6f1888373710940d8062b4c767c2b9f&src=haosou){#intref0010}, Houston, TX, USA), and Gefitinib (Selleck Chemicals, Houston, TX, USA) were dissolved in DMSO at a stock concentration of 10 mM, Erlotinib (Selleck Chemicals, Houston, TX, USA) was dissolved in DMSO at a stock concentration of 5 mM and stored in aliquots at −20 °C. MTS assay Kit (CellTiter 96 Aqueous One Solution reagent) was purchased from Promega Corporation (Madison, WI, USA). Annexin V-FITC/PI apoptosis Detection Kit was purchased from Keygen Company (Nanjing, China). Mito-SOX were purchased from Invitrogen (Carlsbad, CA, USA). Anti-TXNRD2 (ab16841), anti-Trx2 (ab185544), anti-MCL-1 (ab32087), and anti-TXNRD3 (ab134034) antibodies were purchased from Abcam (Cambridge, MA, USA); Anti-HSP60 (\#4870S), anti-TXNRD1 (\#15140s), anti-α-tubulin (\#2144), anti-β-actin (\#4970), anti-Bcl-2 (\#3498s), and anti-Bcl-xL (\#2762s) antibodies were from Cell Signaling Technologies (Danvers, MA, USA).

2.2. Metabolic qRT-PCR array {#sec2.2}
----------------------------

Based on their roles in various metabolic pathways, 168 genes were selected for assembling a set of metabolic qRT-PCR arrays. The oligo sequences of the primers were designed using the Primers 3 software (<http://bioinfo.ut.ee/primer3-0.4.0/primer3/>) or were obtained from Primer Bank (<https://pga.mgh.harvard.edu/primerbank/index.html>). To ensure a uniform RT-PCR amplification conditions, primers were designed to achieve an amplicon size of 80--230 bp, a GC content of within the range of 35--65%, and a melting temperature (Tm) of 59--62 °C. The primers (10 μM, 250 μL) were loaded onto their designated wells in the 96-well micro-plates as original stock plates, which were then replicated to make assay plates using a HTS liquid handling station (Aurora Versa1100, Canada). The working concentration of primer was 20 pmole/well/gene. The assay plates were stored at −20 °C until used. For qRT-PCR analysis, the cDNA templates were mixed with the PCR master mixture (SYBR Premix Ex Taq II kit from TaKaRa Bio, Tokyo, Japan), and then run in a Bio-Rad CFX96 PCR machine (Bio-Rad, Hercules, CA, USA) using the following cycling program: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 55 °C for 30 s, and then 72 °C 30 s. The performance of the metabolic qRT-PCR array was evaluated for specificity, reproducibility and sensitivity. Primer specificity was evaluated using dissociation (melting) curve analysis. The high quality of input primers ([Supplementary Table 2](#appsec1){ref-type="sec"}) was indicated by single-band (peak) product without primer dimers or other secondary products. Reproducibility was tested by comparing two replicate sets of raw threshold data obtained in two separate operations. The degree of correlation with R^2^ \> 0.99 was considered highly reproducible. Assay sensitivity was evaluated by using series dilutions of total RNA input (50--1000 ng) and monitoring the percentage of detectable RT-PCR gene products. Data analysis was based on the ΔΔCT method. The differential expression of the 168 metabolic genes was revealed by analyzing the ratios of the respective gene expression between the drug-resistant MV4-11R cells and the drug-sensitive MV4-11 cells. Data analysis was automated using an Excel-based data analysis tool. [Fig. 1](#fig1){ref-type="fig"}A shows the design and steps of the qRT-PCR analysis.Fig. 1**Identification of TXNRD3 in Sorafenib-resistant cells by metabolic qRT-PCR array.** (**A**) Experimental procedures to prepare metabolic qRT-PCR array for comparison of gene expression profiles of sorafenib-sensitive cells (MV4-11) and sorafenib--resistant cells (MV4-11R). Cell viability was measured by MTS assay. (**B**) Characterization of the metabolic qRT-PCR array showing primer specificity (product melting curves, left panel), reproducibility in replicate experiments (middle panel), and detection sensitivity over a range of 50--1000 ng RNA input (right panel). (**C**) Identification of TXNRD3 as a highly expressed gene in sorafenib-resistant cells (MV4-11R), revealed by metabolic qRT-PCR array analysis. (**D**) Expression of TXNRD3 in leukemia samples from high-risk and low-risk AML patients and their association with overall survival based on analysis of GEO dataset (GSE12417). Data represent mean ± SD; \*\*\*, p \< 0.001.Fig. 1

2.3. Cell culture {#sec2.3}
-----------------

MV4-11, SK-Hep1, Hep3B cells were obtained from the American Type Culture Collection (ATCC, USA). Cells were maintained in RPMI1640 or DMEM (GIBCO, Life Technologies, NY, USA) supplemented with 10% FBS (Biological Industries, State Israel) in a 37 °C humidified incubator with 5% CO~2~. Sorafenib-resistant cell line MV4-11R was maintained in RPMI 1640 medium containing 500 nM sorafenib as described previously \[[@bib19]\]. Sorafenib-resistant hepatocellular carcinoma cells (Hep3B-R) were established by culturing Hep3B cells with increasing concentrations (up to 5 μM) of sorafenib for 2--3 months in complete DMEM medium. The cells were assayed for mycoplasma by the PCR ([Thermo Fisher Scientific, Waltham, MA, USA](https://www.thermofisher.com/ng/en/home/life-science/bioproduction/upstream-bioprocessing.html){#intref0025}), and all tests were negative.

2.4. Western blot analysis {#sec2.4}
--------------------------

Cells or isolated mitochondria were homogenized in protein lysis buffer, and debris was removed by centrifugation at 12,000 g for 10 min at 4 °C. The protein concentrations in all samples were quantified by using the Pierce™ BCA Protein assay kit (Thermo scientific, Waltham, MA, USA). Protein lysates were analyzed by standard SDS/PAGE and transferred to a PVDF membrane. Protein bands of interest were revealed by blotting with the respective antibodies, using a rabbit anti-TXNRD1 antibody (1:1000 dilution), anti-TXNRD2 antibody (1:1000 dilution), anti-TXNRD3 antibody (1:600 dilution). The density of the immune-reactive bands was analyzed using Image J.

2.5. Forced overexpression of TXNRD3 {#sec2.5}
------------------------------------

TXNRD3 plasmid containing the coding sequence of TXNRD3 with a Sec/Cys conversion, and the empty vector control were purchased from GenePharma (Shanghai, China). The detail information of the recombinant plasmid is shown in [Supplementary Table 3](#appsec1){ref-type="sec"}. For transient transfection, 5 × 10^5^ SK-Hep1 cells were seeded into 6-well plates and transiently transfected with 5 μg of TXNRD3 plasmids or empty vector using Lipofectamine 3000 transfection reagent (Invitrogen, USA). Stable TXNRD3 over-expressing cell colonies were selected in cell culture medium containing 600 μg/mL G418 (Selleck, Houston, TX, USA).

2.6. Cell proliferation and cell viability assay {#sec2.6}
------------------------------------------------

Cell proliferation was measured using MTS assay (CellTiter 96 AQueous One Solution, Promega) as previously described \[[@bib19]\]. Cell viability was calculated by the following formula: cell viability (%)=(average absorbance of treated group-average absorbance of blank)/(average absorbance of untreated group-average absorbance of blank) × 100%. IC~50~ values were calculated using the GraphPad Prism 5 software.

2.7. Isolation of mitochondria {#sec2.7}
------------------------------

Mitochondria were isolated using Qproteome mitochondria isolation kit using the procedures recommended by the manufacturer (QIAGEN, Duesseldorf, Germany).

2.8. TrxR activity assay {#sec2.8}
------------------------

TrxR activity was measured using a thioredoxin reductase activity colorimetric assay kit according to the procedures recommended by the manufacturer (BioVision, Milpitas, CA, USA). Briefly, cell lysates were prepared using the assay buffer (containing 1 μl/ml protease inhibitor Cocktail). After centrifugation at 10,000×*g* for 15 min at 4 °C, the supernatant was collected and the TrxR activity was measured in the reaction buffer (a total 40 μl Reaction Mix: 30 μl Assay Buffer; 8 μl DTNB Solution; 2 μl NADPH). The specific TrxR activity (U/mg protein) was calculated by measuring the change in OD at 412 nm during a 20-min incubation in dark. The TrxR activity was further normalized with the quantity of protein in the samples quantified using the PierceTM BCA Protein assay kit (Thermo scientific, Waltham, MA, USA).

2.9. Clonogenic survival assay {#sec2.9}
------------------------------

For liver cancer cells, 5 × 10^3^ cells per well were seeded onto a 6-well culture plate and cultured in DMEM medium with or without 5 μM sorafenib. After two weeks of incubation, the samples were washed once with PBS, fixed with methanol (5 min), and stained with crystal violet. The blue-stained colonies were imaged and counted. All analyses were performed in triplicate.

2.10. Measurement of oxygen consumption rate and extracellular acidification rate {#sec2.10}
---------------------------------------------------------------------------------

Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were measured using an XF^24^ extracellular analyzer (Seahorse Bioscience, USA) according to the manufacturer recommended procedures. Liver cancer cells in the exponential growth phase were seeded in triplicate at a density of 2.5 × 10^5^ cells/well onto a 24-well cell culture microplate overnight. For MV-411R cells, a 24-well cell culture microplate was coated with Cell and Tissue Adhesive Corning® Cell-Tak™ (Corning Incorporated, NY, USA) to allow adhesion of the leukemia cells. The plate with seeded cells was centrifuged at 1500 rpm for 5 min (accel rate:4, brake rate:0). After calibration of the analyzer, sequential compound injections of oligomycin (1 μM), carbonyl-cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 1 μM), antimycin A & rotenone (0.5 μM) were applied to measure oxygen consumption rate (OCR). To test glycolytic activity, sequential compound injections of glucose (10 mM), oligomycin (1 μM) and 2-DG (50 mM) were applied to measure extracellular acidification rate (ECAR). The OCR and ECAR values were normalized by protein levels in the samples quantified using the PierceTM BCA Protein assay kit (Thermo scientific, Waltham, MA, USA).

2.11. Measurement of ROS generation {#sec2.11}
-----------------------------------

Cancer cells were incubated with serum-free medium with addition of 2 μM of Mito-SOX for 20 min at 37 °C. Following the staining, the cells were washed with 4 °C PBS twice, and then collected and analyzed with a FACSCalibur flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Data were analyzed using CellQuest Pro software.

2.12. Apoptosis assay {#sec2.12}
---------------------

Cell death of MV4-11 and MV4-11R cells induced by sorafenib or auranofin was analyzed with flow cytometry using annexin V/PI assays according to the manufacturer\'s instructions. The cells were finally subjected to flow cytometric and results were analyzed using CellQuest Pro software.

2.13. Silencing of gene expression by siRNA {#sec2.13}
-------------------------------------------

Small interfering RNAs (siRNA), specifically targeting TXNRD3 and negative control were purchased from Ribobio (Guangzhou, China), genOFFTM st-h-TXNRD3-1: GGAGAAGATTGGTGTCAAA; st-h-TXNRD3-2: GTGGTGATCTTCAGCAAGA. To silence the expression of mtTXNRD3, MV4-11R cells were transfected with siRNA by electroporation, using the Neon transfection system (Invitrogen, CA, USA) according to manufacturer\'s instructions. In brief, cells for each transfection were washed with PBS, resuspended in 100 μl of resuspension buffer (R-buffer) at a final density of 1.0 × 10^7^ cells/mL and mixed with 10 μl (20 μM) of TXNRD3 siRNA in a sterile eppendorf tube. The cells-siRNA mixture was subjected to two pulses with pulse width 20 ms at 1400 V. After 48 or 72 h, the cells were analyzed by qRT-PCR or Western Blot.

2.14. Analysis of thioredoxin-2 redox status {#sec2.14}
--------------------------------------------

The redox status of Trx2 was measured as previously described \[[@bib20]\]. In brief, cells were washed with ice-cold PBS and collected by acid precipitation using ice-cold trichloric acetic acid (10%) for 30 min at 4 °C. Samples were centrifuged at 13000×*g* for 10 min and resuspended in ice-cold acetone (100%) and incubated for 30 min at 4 °C. Acetone was removed from tube by centrifugation at 12000*g* for 10 min, and the pellet was resuspended in lysis/derivatization buffer (50 mM Tris-HCl, pH 8, 0.1% SDS, and 15 mM AMS) by sonication, and incubated for 3 h at room temperature. Non-reducing SDS polyacrylamide (15%) gel electrophoresis was performed to separate the oxidized and reduced Trx2. Western blotting was performed using a rabbit anti-Trx2 polyclonal antibody (1:1000 dilution) and goat anti-rabbit secondary antibody (1:10000 dilution).

2.15. Tumor xenograft and animal study {#sec2.15}
--------------------------------------

Female Balb/c nude mice aged 5--6 weeks were obtained from Beijing Vital River Laboratory Animal Technology Co. Ltd (Beijing, China). All experimental procedures using these mice were carried out in accordance with a research protocol approved by the Institutional Laboratory Animal Care and Use Committee of Sun Yat-sen University Cancer Center. Each mouse was inoculated s.c. in the dorsal flank with 2 × 10^6^ SK-Hep1^OE^ or SK-Hep1^VC^ cells suspended in 0.1 mL of serum-free medium. When tumors reached about 50 mm^3^, mice received auranofin (10 mg/kg.d, i.p., for 22 d) or sorafenib tosylate (10 mg/kg.d, p.o., for 22 d) or vehicle. To examine the antitumor effect of auranofin in combination with sorafenib, mice received a single agent or auranofin (10 mg/kg) + sorafenib tosylate (10 mg/kg) or vehicle orally (p.o.) once daily. Tumors were measured every 2--3 days, and their volumes were calculated using the following standard formula: width^2^ × length × 0.52 \[[@bib21]\]. At the end of the experiment, animals were euthanized, and the tumors were harvested and subjected to histological examination.

To evaluate the effect of sorafenib on leukemia cells in vivo, 6--8 week old female NOD-SCID mice were pretreated with cyclophosphamide (150 mg/kg i.p., once a day for 2 days). After 24 h, each mouse was intravenously injected via the tail vein with 3.5 × 10^6^ MV4-11R cells harboring GFP. Disease progression was monitored by quantifying the GFP-expressing cells in the peripheral blood by flow cytometry. Drug treatment started 11 days after mice were inoculated with GFP-expressing leukemia cells. At the end of the experiment, mice were sacrificed and leukemia cells in the blood samples were analyzed using flow cytometry to quantify GFP-positive cells.

2.16. Database analysis {#sec2.16}
-----------------------

The Gene Expression Omnibus (GEO) database was used to analyze the potential correlation between TXNRD3 expression in AML patients and their survival. The pretreatment cohort of AML patients in the GEO database was analyzed. The data set (GSE12417) comprised of 115 cases with high TXNRD3 expression and 48 cases with low TXNRD3 expression from Metzeler et al. \[[@bib22]\] were analyzed. The hazard ratio was estimated by fitting a CoxPH (Surv (time, status) model using the risk group as the covariate.

2.17. Statistical analysis {#sec2.17}
--------------------------

The data were expressed as means ± SD. The statistical difference between two groups of data was evaluated by Student\'s *t*-test or two-way ANOVA, and the difference among more than two groups was evaluated by one-way ANOVA (Prism GraphPad 7.0, La Jolla, CA, USA). A p value of less than 0.05 was considered statistically significant.

3. Results {#sec3}
==========

3.1. Identification of TXNRD3 in sorafinib-resistant cells by RT- PCR array analysis {#sec3.1}
------------------------------------------------------------------------------------

We have recently established a sorafenib-resistant cell line (MV4-11R) by step-wise exposure of AML leukemia cells (MV4-11) to increasing concentrations of sorafinib \[[@bib19]\]. As shown in [Fig. 1](#fig1){ref-type="fig"}A, MV4-11R cells were highly resistant to sorafenib with an IC~50~ value of 5550 nM (MTS assay), approximately 670-fold more resistant than the parental MV4-11 cells. Since the sorafenib-resistant cells exhibited metabolic alterations \[[@bib19]\], we developed a metabolic RT-PCR array in an attempt to identify potential metabolic gene(s) that might be responsible for the observed phenotype. The RT-PCR array contained 168 genes involved in various metabolic pathways and ROS/redox signaling ([Supplementary Table 1](#appsec1){ref-type="sec"}). As shown in [Fig. 1](#fig1){ref-type="fig"}A, RNA was isolated from MV4-11 cells and the sorafenib-resistant MV4-11R cells. Quantitative RT-PCR was used to compare the expression of the 168 genes on the metabolic array. The results showed that this qRT-PCR analysis was both sensitive and reproducible, required only 50 ng total RNA input for reliable detection with a high degree of linear correlation (R^2^ \> 0.99) between replicate experiments ([Fig. 1](#fig1){ref-type="fig"}B and [Supplementary Fig. S1](#appsec1){ref-type="sec"}). Comparison of the gene expression in the two cell lines showed that thioredoxin reductase 3 (TXNRD3) was highly up-regulated in the sorafenib-resistant cells with an increase of over 1000 folds ([Fig. 1](#fig1){ref-type="fig"}C). Importantly, analysis of public database revealed that high-risk acute myeloid leukemia (AML) patients had high expression of TXNRD3, and exhibited worse overall survival compared to the low-risk AML patients who had better survival and lower TXNRD3 expression (p = 0.0263, [Fig. 1](#fig1){ref-type="fig"}D). These data suggest that TXNRD3 might play a major role in affecting the clinical outcome of the leukemia patients.

3.2. The elevated TXNRD3 in sorafenib-resistant cells is located in the mitochondria {#sec3.2}
------------------------------------------------------------------------------------

The observation that TXNRD3 mRNA expression was highly up-regulated in sorafenib-resistant cells prompted us to compare the expression of other TrxR isoforms, since it is known that there are at least three isoforms of thioredoxin reductases \[[@bib23]\]. As shown in [Fig. 2](#fig2){ref-type="fig"}A, the expression of TXNRD3 mRNA, but not that of the TXNRD1 or TXNRD2 isoforms, significantly increased in the drug-resistant cells. This specific increase of TXNRD3 expression was also observed at the protein level ([Fig. 2](#fig2){ref-type="fig"}B). Western blot analysis using an antibody against TXNRD3 revealed two protein bands located approximately at 71 KD and 67 KD ([Fig. 2](#fig2){ref-type="fig"}B), indicating a simultaneous presence of two possible splicing variants. A search of the NCBI database revealed that there are indeed two possible TXNRD3 splicing variants with predicted molecular weights of 70.7 KD and 66.6 KD, respectively ([www.ncbi.nlm.nih.gov/protein/NP443115.1](http://www.ncbi.nlm.nih.gov/protein/NP443115.1){#intref0030}; [www.ncbi.nlm.nih.gov/protein/NP001166984.1](http://www.ncbi.nlm.nih.gov/protein/NP001166984.1){#intref0035}). As shown in [Fig. 2](#fig2){ref-type="fig"}C, the difference between the 70.7KD and 66.6 KD TXNRD3 variants is a deletion of 36 amino acids (indicated in red color). Interestingly, we found that only the higher molecular weight variant (70.7 KD) exhibited an increase in the sorafenib-resistant cells, whereas the 66.6 kD variant remained unchanged ([Fig. 2](#fig2){ref-type="fig"}B). Further subcellular fractionation experiments showed that the 70.7KD variant was located in the mitochondrial fraction, while the 66.6 KD protein was in the cytosol ([Fig. 2](#fig2){ref-type="fig"}D). Trypsin digestion of isolated mitochondria did not cause any degradation of the 70.7kD protein ([Fig. 2](#fig2){ref-type="fig"}E), indicating that this protein variant was located within the mitochondria and was protected by the mitochondrial membranes from trypsin digestion. Thus, we designated this TXNRD3 variant as mitochondrial thioredoxin reductase 3 (mtTXNRD3). Analysis of thioredoxin reductase activity in the cell extracts of MV4-11 and MV4-11R cells showed that the enzyme activity was significantly increased in the sorafenib-resistant MV4-11R cells ([Fig. 2](#fig2){ref-type="fig"}F), suggesting that mtTXNRD3 contributed substantially to the total TrxR activity in the drug-resistant cells.Fig. 2**The upregulated TXNRD3 in sorafenib-resistant cells was located in the mitochondria.** (**A**) Comparison of mRNA expression levels of TXNRD1, TXNRD2, TXNRD3 in sorafenib-sensitive (MV4-11) and -resistant (MV4-11R) cells, measured by RT-qPCR. (**B**) Comparison of protein expression levels of TXNRD1, TXNRD2, TXNRD3 in sorafenib-sensitive (MV4-11) and -resistant (MV4-11R) cells, measured by western blotting analyses using the respective antibodies. (**C**) Comparison of amino acid sequences of two possible TXNRD3 splicing variants. (**D**) Mitochondrial and cytosolic proteins were prepared and analyzed by immune blotting analyses using the indicated antibodies. β-actin and HSP60 were used as the loading controls for cytosolic and mitochondrial proteins, respectively. "Mito" and "Cyto" indicate mitochondrial and cytosolic, respectively. (**E**) Isolated mitochondria were incubated with trypsin for 2 min at 37 °C, and then resuspended in protein lysis buffer and determined by immunoblotting analyses using the indicated antibodies. (**F**) The TrxR activity in MV4-11R cells compared with the parental MV4-11 cells. Data represent mean ± SD; \*\*, p \< 0.01, n = 3.Fig. 2

Since sorafenib is currently used for clinical treatment of certain leukemia (AML) as well as liver cancer, we next tested if mtTXNRD3 might also increase in liver cancer cells that became resistant to sorafenib. To this end, we exposed liver cancer cells (Hep3B) to increasing concentrations of sorafenib in a stepwise manner over months to generate sorafenib-resistant cell population (Hep3B-R). As shown in [Supplementary Figs. S2A--E](#appsec1){ref-type="sec"}, Hep3B-R cells were substantially more resistant to sorafenib treatment compared to the parental cells, as measured by flow cytometry analysis of apoptosis ([Supplementary Fig. 2A](#appsec1){ref-type="sec"}), MTS assay for cell proliferation ([Supplementary Fig. S2B](#appsec1){ref-type="sec"}) and colony formation assay for long-term cell replication ([Supplementary Figs. S2C--E](#appsec1){ref-type="sec"}). Western blot analysis showed that the expression of mtTXNRD3 protein was significantly up-regulated in sorafenib-resistant cells ([Supplementary Fig. S2F](#appsec1){ref-type="sec"}), consistent with the observation in the drug-resistant AML cells (MV4-11R). Analysis of TrxR activity also confirmed the increase of the enzyme activity in Hep3B-R cells ([Supplementary Fig. S2G](#appsec1){ref-type="sec"}). Interestingly, analysis of TXNRD3 expression in human hepatocellular carcinoma samples using Kaplan-Meier Plotter Database as described by Menyhart et al. \[[@bib24]\] revealed that high expression of TXNRD3 appeared to be associated with shorter relapse-free survival ([Supplementary Fig. S3](#appsec1){ref-type="sec"}).

3.3. Over-expression of mtTXNRD3 induces metabolic shift toward glycolysis and promotes sorafenib resistance {#sec3.3}
------------------------------------------------------------------------------------------------------------

To further evaluate the biological consequence of mtTXNRD3 high expression, we first transfected liver cancer SK-Hep1 cells, which expressed low level of endogenous mtTXNRD3 protein, with mtTXNRD3 expression vector in comparison with an empty vector control. As shown in [Fig. 3](#fig3){ref-type="fig"}A--C, the forced overexpression of mtTXNRD3 (SK-Hep1^OE^) moderately increased the enzyme activity, and caused a moderate decrease of cell proliferation. Importantly, the mtTXNRD3 overexpressing cells exhibited significant resistance to sorafenib measured by MTS assay ([Fig. 3](#fig3){ref-type="fig"}D). The drug-resistant phenotype of mtTXNRD3-overexpressing cells was also observed in colony formation assay ([Fig. 3](#fig3){ref-type="fig"}E and F), confirming the role of mtTXNRD3 in promoting sorafenib resistance.Fig. 3**Forced overexpression of mtTXNRD3 led to sorafenib resistance and a metabolic shift toward low OXPHOS and high glycolysis.** (**A**) Forced overexpression of mtTXNRD3 in liver cancer cell line (SK-Hep1) by stable transfection. Immunoblot analysis was performed to detect the TXNRD3 protein expression in SK-Hep1 cells (OE, over expression; VC, vector control). "Mito" and "Cyto" indicate mitochondrial and cytosolic, respectively. (**B**) Relative levels (% of control) of the TrxR enzyme activity in SK-Hep1^OE^ cells compared with the SK-Hep1^VC^ cells. (**C**) Proliferation in SK-Hep1^OE^ and SK-Hep1^VC^ cells. Equal number (3 × 10^3^) of the indicated cells were started in cell culture, and MTS analysis was used to monitor cell growth every 24 h for up to 96 h. (**D**) Comparison of sensitivity of SK-Hep1^OE^ and SK-Hep1^VC^ cells to sorafenib. The indicated cells were treated with various concentrations of sorafenib for 72 h and cell viability was measured by MTS assay. (**E, F**) Effect of sorafenib on clonogenic formation in SK-Hep1 cells with or without overexpression of TXNRD3. Cells were treated with sorafenib as indicated. After two weeks of incubation, colonies were stained and imaged using an inverted microscope with a camera, and colony numbers were then counted. (**G-J**) Impact of mtTXNRD3 expression on oxygen consumption rate (OCR) and extracellular acidification rate (ECAR). OCR (**G** and **I**) and ECAR (**H** and **J**) of the indicated cells were monitored using the Seahorse XF24 analyzer. Data represent mean ± SD; \*\*, p \< 0.01; n = 3.Fig. 3

Since mtTXNRD3 is physically located in the mitochondrial, we then tested if its over expression might affect mitochondrial function. Analysis of cellular oxygen consumption rate (OCR), a key indicator of mitochondrial respiratory activity, showed that overexpression of mtTXNRD3 in SK-Hep1 cells led to a down-regulation of OCR ([Fig. 3](#fig3){ref-type="fig"}G) and an increase of extracellular acidification rate (ECAR, [Fig. 3](#fig3){ref-type="fig"}H), an indicator of lactate production from glycolytic metabolism. These data together suggest that overexpression of mtTXNRD3 could induce a metabolic shift from oxidative phosphorylation toward more active glycolysis. Consistently, the sorafenib-induced drug resistant Hep3B-R cells, which expressed a high level of mtTXNRD3, also exhibited a decrease in OCR ([Fig. 3](#fig3){ref-type="fig"}I) and an increase in ECAR ([Fig. 3](#fig3){ref-type="fig"}J), confirming a significant role of mtTXNRD3 in causing metabolic shift toward the "Warburg phenotype".

A key function of thioredoxin reductase is to convert the oxidized thioredoxin to the reduced form, and thus functions as an antioxidant molecule. We tested the impact of mtTXNRD3 on cellular ROS level, and showed that overexpression of TXNRD3 could decrease the cellular ROS in both MV4-11 cells and SK-Hep1 cells, whereas a knockdown of mtTXNRD3 in SK-Hep1^OE^ cells induced a significant increase in ROS ([Supplementary Fig. S4](#appsec1){ref-type="sec"}). Since many cancer cells intrinsically have higher levels of ROS compared with normal cells, they are under oxidative stress and are more sensitive to further ROS stress \[[@bib25],[@bib26]\]. Thus, the high expression of mtTXNRD3 might alleviate ROS stress in cancer cells and thus promote their survival.

3.4. Silencing of mtTXNRD3 expression restores cellular sensitivity to sorafenib {#sec3.4}
--------------------------------------------------------------------------------

To functionally validate the role of TXNRD3 in sorafenib-resistant cells, we used siRNA to silence the expression of mtTXNRD3 in MV4-11R cells. Among the siRNAs tested, siTXNRD3-1 (siRNA \#1) was most effective in suppressing mtTXNRD3 expression with 80% silencing at 48 h ([Fig. 4](#fig4){ref-type="fig"}A and B). Thus, siTXNRD3-1 was chosen for use in the subsequent experiments. We further showed that knocking down of mtTXNRD3 expression by siTXNRD3-1 was specific, and did not affect the expression of TXNRD1 and TXNRD2 at mRNA and protein levels ([Fig. 4](#fig4){ref-type="fig"}B; [Supplementary Fig. S5](#appsec1){ref-type="sec"}). Analysis of TrxR activity showed that silencing of TXNRD3 by siTXNRD3-1 led to a significant decrease in the enzyme activity ([Fig. 4](#fig4){ref-type="fig"}C). We then measured OCR and ECAR to evaluate the effect of TXNRD3^KD^ on the function of mitochondria and glycolysis. In MV4-11R cells, a knockdown of TXNRD3 expression by siTXNRD3-1 led to an increase of OCR and a decrease of ECAR ([Fig. 4](#fig4){ref-type="fig"}D and E).Fig. 4**Silencing of mtTXNRD3 expression in sorafenib-resistant cells restored drug sensitivity.** (**A**)--(**B**): MV4-11R cells were treated with siRNAs targeting different sites of TXNRD3 (siTXNRD3) for 48--72h, cells were then collected for mRNA (48 h) and protein (72 h) isolation. TXNRD3 mRNA (**A**) was quantified using RT-qPCR; protein expression (**B**) was monitored and quantified using immunoblot analysis. NC: negative control. (**C**) Comparison of the relative TrxR enzyme activity in siTXNRD3 NC or siTXNRD3-1 treated MV4-11R cells. (**D**)--(**E**) Comparison of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in siTXNRD3 NC or siTXNRD3-1 treated MV4-11R cells. Cellular OCR (**D**) and ECAR (**E**) of the indicated cells were monitored using the Seahorse XF24 analyzer. (**F**) TXNRD3 knockdown by siRNA increased cellular sensitivity to sorafenib in MV4-11R cells. Cell viability was assessed by annexin-V/PI assay. The value in each panel indicates the % of survival cells. Data represent mean ± SD; \*, p \< 0.05; \*\*, p \< 0.01; n = 3.Fig. 4

We reasoned that if mtTXNRD3 played an important role in sorafenib resistance, silencing of its expression in sorafenib-resistant cells would restore their sensitivity to this compound. Indeed, when mtTXNRD3 in MV4-11R cells was knocked down by siTXNRD3-1, their apoptotic response to sorafenib was significantly increased with only 8.3% viable cells. In contrast, MV4-11R cells treated with control vector and the same concentration of sorafenib showed 33.5% viable cells ([Fig. 4](#fig4){ref-type="fig"}F).

3.5. Overexpression of mtTXNRD3 leads to accumulation of cell survival molecules {#sec3.5}
--------------------------------------------------------------------------------

To investigate the potential mechanisms by which mtTXNRD3 induces resistance to sorafenib, we tested if mtTXNRD3 could affect the levels of key molecules involved in cell survival and drug resistance. Western blot analysis revealed that overexpression of mtTXNRD3 in SK-Hep1 cells caused a substantial increase of several mitochondrial-associated survival molecules including hexokinase-2 (HK2), Bcl-xL, Bcl-2, and MCL-1 ([Fig. 5](#fig5){ref-type="fig"}A, left panel). Consistently, a knockdown of mtTXNRD3 led to a decrease of these survival molecules ([Fig. 5](#fig5){ref-type="fig"}A, right panel). RT-qPCR analysis showed that overexpression of mtTXNRD3 did not cause any changes in mRNA expression of Bcl-2, MCL-1, or Bcl-xL ([Fig. 5](#fig5){ref-type="fig"}B), suggesting that mtTXNRD3 likely affected these survival molecules at the protein level. Consistently, treatment of SK-Hep1 cells with auranofin (AF), a known inhibitor of TrxR, led to a decrease in protein levels of the Bcl-2 family members ([Fig. 5](#fig5){ref-type="fig"}C).Fig. 5**Overexpression of mtTXNRD3 led to accumulation of cell survival molecules**. (**A**) Comparison of protein expression of survival molecules in liver cancer cells with different TXNRD3 status. Protein extracts were prepared from SK-Hep1 cells with TXNRD3^OE^ or TXNRD3^KD^ as indicated, and immunoblot analysis was performed using the indicated antibodies. (**B**) RT-qPCR was performed to measure the mRNA level of Bcl-2, Bcl-xL and MCL-1 for indicated cell lines. (**C**) Effect of auranofin on expression of TXNRD3 and Bcl-2 family members. SK-Hep1^OE^ or SK-Hep1^VC^ cells were treated with various concentrations of auranofin for 24 h, and immunoblot analysis was performed with the indicated antibodies. (**D**) Effect of TXNRD3^OE^ or TXNRD3^KD^ on mitochondrial Trx2 protein level in SK-Hep1 cells. Immunoblot analysis was performed with the indicated antibodies. (**E**) RT-qPCR was performed to measure the mRNA level of TXNRD3 and Trx2 after knockdown of mtTXNRD3 in SK-Hep1^OE^ cells. (**F**) Analysis of Trx2 redox status by immunoblot analysis in MV4-11R and SK-Hep1 cells under the indicated conditions. (**G**) Schematic illustration of the molecular mechanism by which mtTXNRD3 regulation cell survival and drug sensitivity. Data represent mean ± SD; \*\*, p \< 0.01, n = 3.Fig. 5

The thioredoxin reductases (TXNRD1, TXNRD2, and TXNRD3) and various thioredoxins are key components of the cellular redox systems important for antioxidant defense and redox regulation. Since thioredoxin-2 (Trx2) is mitochondria-specific member of the thioredoxin family that affects the redox status of many mitochondria-associated proteins \[[@bib27]\], we postulated that the overexpression of mtTXNRD3 might keep Trx2 in its reduced form, which could in turn promote the stability of multiple survival molecules by altering their redox states. To test this possibility, we first examined the impact of mtTXNRD3 on Trx2 protein, and showed that mtTXNRD3^KD^ resulted in a decrease of Trx2 protein level ([Fig. 5](#fig5){ref-type="fig"}D) without any change in mRNA level ([Fig. 5](#fig5){ref-type="fig"}E). Analysis of Trx2 protein by redox-western blotting showed that the genetic knockdown of mtTXNRD3 by siRNA or chemical inhibition of the thioredoxin reductase enzyme activity by AF induced a major shift of Trx2 from reduced state to oxidized state ([Fig. 5](#fig5){ref-type="fig"}F). Since it is the reduced form of Trx2 that provides reducing power to maintain the redox homeostasis of other proteins, the shifting of mitochondrial Trx2 to oxidized form would render other mitochondrial-associated proteins in an oxidized/unstable state. Conversely, a high expression of mtTXNRD3 led to stabilization of pro-survival proteins such as HK2, Bcl-2, Bcl-xL, and MCL-1, thus promoting cell survival and drug resistance ([Fig. 5](#fig5){ref-type="fig"}G).

To test if the overexpression of mtTXNRD3 could also confer resistance to other tyrosine kinase inhibitors, we compared three pairs of cells with high or low mtTXNRD3 expression (MV4-11 vs MV4-11R cells; SK-Hep1^VC^ vs SK-Hep1^OE^ cells; Hep3B vs Hep3B-R cells) for their sensitivity to gefitinib and erlotinib. The results showed that the three cell lines with high mtTXNRD3 expression (MV4-11R, SK-Hep1^OE^, Hep3B-R) were significantly less sensitive to the tyrosine kinase inhibitors compared with their counterparts with low mtTXNRD3 expression ([Supplementary Figs. S6--S7](#appsec1){ref-type="sec"}). We also compared MV4-11 cells with MV4-11R cells and SK-Hep1^VC^ cells with SK-Hep1^OE^ cells for their sensitivity to doxorubicin and ara-C and found that the two cell lines with high mtTXNRD3 expression (MV4-11R and SK-Hep1^OE^) were more resistant to the chemotherapeutic agents compared to their respective control cells (MV4-11 and SK-Hep1^VC^), with approximately 3--5 folds increase in IC~50~ values ([Table 1](#tbl1){ref-type="table"}, [Supplementary Fig. S8](#appsec1){ref-type="sec"}).Table 1Comparison of chemo sensitivity in sorafenib-sensitive and sorafenib-resistant cells with different mtTXNRD3 expression levels.Table 1CompoundCell Lines & IC~50~ (Mean ± SD)p Value**Doxorubicin** (μM)MV4-11 IC50 = 0.54 ± 0.11MV4-11R\
IC50 = 2.57 ± 0.160.0004SK-Hep1^VC^\
IC50 = 0.99 ± 0.06SK-Hep1^OE^\
IC50 = 3.42 ± 0.300.0014**Ara-C** (μM)MV4-11\
IC50 = 0.86 ± 0.12MV4-11R\
IC50 = 3.35 ± 0.180.0003SK-Hep1^VC^\
IC50 = 0.56 ± 0.06SK-Hep1^OE^\
IC50 = 1.48 ± 0.180.0091[^2]

3.6. Effective killing of sorafenib-resistant cells by auranofin in vitro and in vivo {#sec3.6}
-------------------------------------------------------------------------------------

Considering the role of mtTXNRD3 in promoting cell survival and drug resistance, we hypothesized that inhibition of mtTXNRD3 could be an effective strategy to overcome cancer resistance to sorafenib. We first compared the sensitivity of MV4-11 cells and MV4-11R cells to AF, an anti-rheumatic drug known to inhibit TrxR. The results showed that MV4-11 and MV4-11R cells (670-fold more resistant to sorafenib) were equally sensitive to AF, as measured by MTS assay ([Fig. 6](#fig6){ref-type="fig"}A). Similarly, the liver cancer cells (SK-Hep1^OE^) that over-express mtTXNRD3 and the control SK-Hep1^VC^ cells were also equally sensitive to AF ([Supplementary Fig. S9](#appsec1){ref-type="sec"}). Biochemical analysis showed that AF inhibited TrxR activity in a dose-dependent manner ([Fig. 6](#fig6){ref-type="fig"}B). The dose-dependent cytotoxic effect of AF in sorafenib-resistant cells MV4-11R was also confirmed using another assay by flow cytometry analysis of apoptotic cell death ([Fig. 6](#fig6){ref-type="fig"}C).Fig. 6**Overcoming sorafenib resistance by auranofin *in vitro* and *in vivo.*** (**A**) MV4-11/MV4-11R were treated with various concentrations of auranofin (AF) for 72 h and then subjected to MTS assay, n = 3. (**B**) MV4-11R cells were treated with various concentrations of AF, and the relative enzyme activity of TrxR was measured; n = 3. (**C**) MV4-11R cells were treated with the indicated concentration of AF for 48 h and subjected to annexin-V/PI assay. The values within each panel indicate % of survival cells. (**D**) *In vivo* therapeutic activity of Sorafenib (Sor) or AF in mice bearing SK-Hep1^VC^ human liver cancer xenografts. Tumor images (left panel), tumor weight (middle panel), and tumor growth curves (right panel) were shown, n = 5 mice per group. (**E**) *In vivo* therapeutic activity of sorafenib (Sor) or AF in mice bearing SK-Hep1^OE^ human liver cancer xenografts. Tumor images (left panel), tumor weight (middle panel), and tumor growth curves (right panel) were shown, n = 5 mice per group. (**F**) *In vivo* therapeutic activity of sorafenib (Sor) in combination with AF in mice bearing SK-Hep1^OE^ human liver cancer xenografts. The tumor growth curves (left panel), tumor weight (right panel), and (**G**) mouse body weight are shown, n = 7 mice per group. Data represent mean ± SD; \*, p \< 0.05; \*\*, p \< 0.01; \*\*\*, p \< 0.001; NS, not statistically significant.Fig. 6

Based on the promising anticancer activity of AF against sorafenib-resistant cancer cells in-vitro, we next evaluated the in vivo therapeutic effect of AF using a subcutaneous xenograft model of SK-Hep1 cells with mtTXNRD3 overexpression (SK-Hep1^OE^) or the vector-control (SK-Hep1^VC^) cells inoculated in immune-deficient mice. As expected, sorafenib (10 mg/kg.day, p.o.) exhibited significant therapeutic effect in the drug-sensitive tumor model (SK-Hep1^VC^, [Fig. 6](#fig6){ref-type="fig"}D), but did not show a significant activity against the drug-resistant tumor model (SK-Hep1^OE^, [Fig. 6](#fig6){ref-type="fig"}E). In contrast, AF was effective in both tumor models, suggesting that this drug could potentially be used to treat liver cancers that become resistant to sorafenib.

To test if sorafenib in combination with AF could increase the therapeutic activity in sorafenib-resistant tumors, mice bearing SK-Hep1^OE^ xenografts were treated with AF (10 mg/kg/d, p.o.), sorafenib (10 mg/kg/d, p.o.), or their combination. As shown in [Fig. 6](#fig6){ref-type="fig"}F and G, sorafenib as a single drug alone exhibited only modest activity against SK-Hep1^OE^ tumor in vivo. Addition of AF significantly enhanced the in vivo the therapeutic activity in both animal models, although the antitumor activity of AF alone was modest ([Fig. 6](#fig6){ref-type="fig"}F). This drug combination was well tolerated in mice without significant body weight loss ([Fig. 6](#fig6){ref-type="fig"}G).

We also use mice bearing subcutaneously inoculated sorafenib-resistant MV4-11R AML cells with TXNRD3 overexpression as another animal model to further evaluate the in vivo therapeutic activity of sorafenib + AF combination. As shown in [Fig. 7](#fig7){ref-type="fig"}A--C, sorafenib or AF each as a single drug alone showed only modest activity against MV4-11R leukemia in vivo, whereas the combination of sorafenib and AF significantly enhanced the therapeutic activity in vivo. Morphologic evaluation of the Hematoxylin/eosin (H&E)-stained tumor tissues revealed that the combination of sorafenib and AF caused a structural disruption of the tumor tissue, with many cells exhibiting shrinkage and nuclear condensation indicative of apoptosis ([Fig. 7](#fig7){ref-type="fig"}D). Such morphological changes were less obvious in the samples from mice treated with single drug (sorafenib or AF alone).Fig. 7**Effect of sorafenib and auranofin combination on the growth of sorafinib-resistant AML cells in vivo.** (**A**)--(**C**): The sorafinib-resistant MV4-11R leukemia cells were inoculated subcutaneously into Balb/C nude mice, which were treated with sorafenib (Sor), auranofin (AF), or their combination. The subcutaneous tumor growth was measured twice a week for up to 25 days (**A**); Upon termination of the experiment, tumors were isolated, photographed (**B**), and weighed (**C**), n = 6 mice per group. (**D**) Tumor tissues were fixed, sliced, and stained with H&E for pathological analysis. Scale bar: 50 μm. (**E**) Schematic illustration of in vivo evaluation of the impact of sorafenib and auranofin on AML leukemia burden. The sorafinib-resistant MV4-11R leukemia cells harboring green fluorescent protein (GFP)-expressing vector (MV4-11R-GFP + cells) were injected into the tail vein of NOD-SCID mice pretreated with cyclophosphamide to enable leukemia engraft (3.5 × 10^6^ cells per mouse). The schedules of drug treatment and blood sampling for analyses of GFP + cells were indicated by the blue arrows. (**F**) Flow cytometry analysis of GFP + leukemia cells in the peripheral blood from mice sacrificed at the end of experiment (day 22). (**G**) Flow cytometry quantitation of GFP + leukemia cells in the peripheral blood from mice sacrificed on day 22, n = 6 mice per group. Data represent mean ± SD; \*, p \< 0.05; \*\*, p \< 0.01; \*\*\*, p \< 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 7

We also tested the efficacy of sorafenib in combination with AF in the MV4-11R AML model, where the GFP-expressing MV4-11R leukemia cells ([Supplementary Fig. S10A](#appsec1){ref-type="sec"}) were inoculated into the tail vein of NOD-SCID mice pre-conditioned with cyclophosphamide ([Fig. 7](#fig7){ref-type="fig"}E). In this model, the GFP-expressing MV4-11R cells were disseminated systemically through blood circulation and engrafted in the bone marrow, identified by flow cytometric analysis of GFP-positive cells ([Supplementary Fig. S10B](#appsec1){ref-type="sec"}). Drug treatment started on day 14 after MV4-11R inoculation, and the drug impact on the leukemia burden was evaluated by analyzing the percent of GFP-positive cells in the blood circulation. As shown in [Fig. 7](#fig7){ref-type="fig"}F and G, treatment with sorafenib in combination with AF for 8 days could significantly reduce leukemia cells in the blood, whereas sorafenib or AF alone exhibited weak or no impact ([Fig. 7](#fig7){ref-type="fig"}F and G). These data together demonstrated that sorafenib + AF might be a novel drug combination that could be effective against sorafinib-resistant cancer in vivo.

4. Discussion {#sec4}
=============

Using microarray analysis to compare the gene expression profiles in sorafenib-sensitive and sorafenib-resistant cells, we have identified the mitochondrial isoform of thioredoxin reductase-3 (mtTXNRD3) that was highly expressed in the drug resistant cells. Functional study further confirmed that the up-regulation of mtTXNRD3 was responsible for the drug-resistant phenotype. This conclusion is supported by several lines of evidences: (1) In a pair of leukemia cells (MV4-11 & MV4-11R), mtTXNRD3 was highly expression in the sorafenib-resistant MV4-11R cells; (2) Over-expression of mtTXNRD3 in SK-Hep1 cells led to a decrease of their sensitivity to sorafenib; (3) A TXNRD3^KD^ expression resulted in an increase of sensitivity to sorafenib; (4) The thioredoxin reductase inhibitor auranofin was able to overcome the sorafenib-resistant phenotype in vitro and in vivo. Although it is clear that high expression of mtTXNRD3 causes drug resistance to sorafenib in cancer cells, a key question is how mtTXNRD3 could confer resistance to sorafenib?

Previous studies have suggested that the activity of Trx/TrxR system is associated with cancer cell growth and anti-apoptosis process, and that this system is up-regulated in several types of cancers, including malignant mesothelioma \[[@bib28],[@bib29]\]. Kahlos et al. suggested that the up-regulation of thioredoxin and TrxR might contribute to drug resistance in malignant cells \[[@bib30]\]. Higher TrxR activity was thought to enhance cellular antioxidant capacity to detoxify excessive ROS and might also promote therapeutic resistance \[[@bib31]\], although there was no report suggesting a role of mitochondrial TrxR in this process. There are three TrxR isoenzymes. TXNRD1 and TXNRD2 are located outside and inside the mitochondria, respectively \[[@bib32]\], while the localization of TXNRD3, which has two splicing variants, has not been previously well defined. Our study showed that the expression of TXNRD3, but not TXNRD1 or TXNRD2, was correlated with sorafenib-resistance. Importantly, we found that the 70.7 kD variant of TXNRD3 was located in the mitochondria and was up-regulated in sorafenib-resistant cells, whereas the 66.6 kD variant appeared in the cytosol and seemed to express at similar levels in sorafenib-sensitive and resistant cells. It is unclear at the present time if overexpression of mtTXNRD3 could also be found in cells resistant to other tyrosine kinase inhibitors or it is only sorafenib-specific. Based on our observations that leukemia cells and liver cancer cells with overexpression of mtTXNRD3 were significantly less sensitive to erlotinib and gefitinib ([Figs. S6--S7](#appsec1){ref-type="sec"}), it is reasonable to speculate that mtTXNRD3 would likely be overexpressed in cancer cells resistant to other tyrosine kinase inhibitors. This possibility requires further study in the future.

A key question is how an over-expression of the 70.7 kD variant of TXNRD3 could render leukemia and liver cancer cells resistant to sorafenib? Since mtTXNRD3 is located in the mitochondria, which play a central role in energy metabolism as well as in regulation of the intrinsic apoptotic pathway, it is thus possible that overexpression of mtTXNRD3 might affect mitochondrial metabolism and alter mitochondrial-mediated apoptosis, thus reducing cellular sensitivity to sorafenib. Our data indeed showed that overexpression of mtTXNRD3 caused a significant decrease in mitochondrial respiration and an increase of glycolysis, as evident by a decrease in oxygen consumption rate and an increase in lactate production. The increased glycolytic activity was associated with increased expression of HK2, a key glycolytic enzyme that is known to suppress apoptosis and promote cellular resistance to chemotherapy \[[@bib33]\]. Thus, enhancing the protein level of HK2 seems to be a possible mechanism contributing to mtTXNRD3-induced drug resistance.

Another possible mechanism by which mtTXNRD3 induces drug resistance is by increasing anti-apoptotic proteins including Bcl-2, Bcl-xL, and MCL-1. These proteins are members of the Bcl-2 family. They are associated with mitochondrial outer membranes, and play a major role in suppressing the intrinsic or mitochondria-initiated apoptosis. The cellular apoptotic response to drug treatment is in part determined by the Bcl-2 protein family \[[@bib34], [@bib35], [@bib36]\]. In the National Cancer Institute (NCI) panel of 60 diverse cancer cell lines, the expression level of Bcl-xL is strongly correlated with drug resistance \[[@bib37]\]. Thus, the ability of mtTXNRD3 to enhance the protein levels of Bcl-2, Bcl-xL, and MCL-1 likely contributes the sorafenib-resistant phenotype observed in leukemia and liver cancer cells.

One major issue is how the overexpression of mtTXNRD3 could lead to an increase in multiple proteins including HK2, BCL-2, Bcl-xL, and MCL-1? It is known that thioredoxins (Trx) are small (12-kDa) thiol-disulfide proteins with oxidoreductase activity critical for cellular redox regulation \[[@bib38]\]. The oxidized form of Trx is reversibly reduced by thioredoxin reductase using NADPH as a reducing agent. Two isoforms of Trx, Trx1 and Trx2, are present in mammalian cells. Trx2 is found in mitochondria and has a protective function against mitochondrial oxidative stress \[[@bib39],[@bib40]\]. Thus, a possible explanation is that the high level of mtTXNRD3 would be able to maintain the mitochondrial Trx2 in its reduced form, which plays a key role in repairing oxidized proteins and thus enhancing their stability. Our findings that overexpression of mtTrxT3 in SK-Hep1 cells kept Trx2 in the reduced stage associated with increased protein levels of Bcl-2, Bcl-xL, and MCL-1 are consistent this mechanism. The sorafenib-resistant cells with high expression of mtTXNRD3 also exhibited cross-resistance to other tyrosine kinase inhibitors (gefitinib and erlotinib) and certain chemotherapeutic drugs (doxorubicin and ara-C). These results were consistent with the observation that high expression of mtTXNRD3 led to stabilization of pro-survival proteins HK2 and Bcl-2 family members that promote cell survival and drug resistance.

Auranofin (AF) is a gold-containing drug used in the clinical treatment of rheumatoid arthritis. This compound has been previously reported to inhibit thioredoxin reductase and induce ROS production \[[@bib28],[@bib41], [@bib42], [@bib43]\]. The other research also showed that AF activated caspase-3 and -8 in a concentration-dependent manner and could decrease the levels of mitochondrial anti-apoptotic factors including Bcl-2 and Bcl-xL \[[@bib44]\]. Since we have found that elevated expression of mtTXNRD3 caused resistance to sorafenib associated with increased levels of Bcl-2 family members, thus it is logical to use AF to inhibit mtTXNRD3 and overcome drug resistance. Interestingly, a recent study by Lee et al. showed that liver cancer cells depend on antioxidants for maintaining redox homeostasis, and that inhibition of thioredoxin reductase by AF effectively suppressed the liver cancer *in viv*o \[[@bib45]\].

In conclusion, our study showed that mitochondrial TXNRD3 was highly expressed in drug-resistant cancer cells and was associated with poor clinical outcome. The elevated mitochondrial TXNRD3 resulted in metabolic alterations and stabilization of important survival molecules such as Bcl-2 family members, leading to drug resistant. This study also demonstrated that it was possible to use auranofin to inhibit TrxR and thus overcome mtTXNRD3-induced drug resistance in vitro and in vivo. Since auranofin is a clinical drug for treatment of rheumatoid arthritis, it may be possible to reposition this drug for treatment of drug-resistant cancer due to mtTXNRD3 over-expression.
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